We present observations of lunar Leonid impact flashes recorded in 2001 November from Spain. Four impact flashes were detected on November 18. Another flash was also recorded on the same night, which appears to be impact related, and two more on that night are possibly, but not unambiguously, of impact nature. On November 19 another flash was detected, which very likely resulted from an impact. The brightest impact flash reached a peak brightness of 5:2 AE 0:3 mag in V; it had a very dim precursor just 0.02 s prior to peak brightness and had a very long lasting afterglow that remained visible for more than 600 ms with oscillations in brightness; this unique and unexpected behavior challenges current models of impact flashes. The other flashes did not show such a behavior and remained visible for a few tens of milliseconds. Adopting the luminous efficiency derived for the 1999 lunar Leonids (2 Â 10 À3 ), our observations can be used to estimate meteoroid fluxes. The observations are compatible with a flux of 0.1 meteoroids of mass larger than 2 Â 10 À8 kg km À2 hr À1 on November 18 at 18:15 UT, provided that a mass index of 1.69 is used. Both the flux and the mass index agree with meteor observations carried out in 2001 from several locations on Earth.
INTRODUCTION
The collisions of meteoroids on the Moon give rise to a wealth of phenomena that can be detected. These phenomena include seismic waves (e.g., Oberst & Nakamura 1991), enhancements of the lunar sodium atmosphere (e.g., Hunten, Sprague, & Cremonese 1998; Verani et al. 1998) , and even light flashes (e.g., Dunham et al. 2000; Ortiz et al. 2000) . The issue of detecting meteoroid impact flashes from Earth is especially interesting, as such a technique could potentially be used to derive meteoroid fluxes in a mass range difficult to observe from Earth with conventional meteor techniques because of the large lunar collecting area, in comparison with the collecting area of the typical meteor stations; also, the lunar flashes studies could be used to derive properties of the meteoroids as well as properties of the soil at the impact sites. Melosh et al. (1993) made a theoretical assessment of the possibility of impact flash detection by using photometers attached to astronomical telescopes. They concluded that a photometer-based technique would allow them to detect impact flashes from large 1 m impactors, using meter-sized telescopes on Earth. Because such impact events are very rare, that assessment was discouraging for the lunar impact flash observations. However, CCD cameras are far more sensitive than photometers for point-source detection across large fields of view, and a reanalysis of the detection thresholds pointed out that impact flash detection would be feasible even with small-aperture telescopes equipped with CCDs. This encouraged the search for such events. Ortiz, Aceituno, & Aceituno (1999) reported on a search for impact flashes that began in 1997 using CCD detectors rather than the photometer technique. Although no firm detection was obtained, energy thresholds for the detectability of impact flashes from actual CCD observations were presented, and Ortiz et al. (1999) also stressed that the 1999 Leonids would represent an excellent opportunity to record impact flashes. Leonid impact flashes on the Moon were finally detected in 1999 (Dunham et al. 2000; Ortiz et al. 2000) at a time when the Moon was traversing the 3 revolutions old dust trail of comet 55P/Tempel-Tuttle. At that time, the Moon was being subjected to the equivalent of a meteor storm on Earth. This was the first time that an unambiguous optical detection of impacts on the Moon was carried out. Furthermore, the lunar Leonids allowed us to determine the luminous efficiency of such collision processes (Bellot Rubio, Ortiz, & Sada 2000a) , and it became clear that optical flashes can be detected on a regular basis. Yanagisawa & Kisaichi (2002) have also reported impact flash observations during the 1999 Leonids, which were obtained while the meteoroid flux levels were presumably much lower than in the case of the observations reported in Dunham et al. (2000) and Ortiz et al. (2000) . Yanagisawa & Kisaichi also reported that their impact flashes had protracted afterglows, in clear contrast to the storm observations.
As we had anticipated (e.g., Bellot Rubio, Ortiz, & Sada 2000b) , the 2001 Leonids would be again ideally suited to record impact flashes even with small telescopes, because the Moon would be at a very favorable phase, with only a small portion being illuminated by the Sun, and the sublunar Leonid radiant location would be such that almost 50% of the Moon visible from Earth would be hit by Leonid meteoroids. In addition, the meteoroid fluxes were expected to be high, although not as high as in the 1999 lunar Leonids. Therefore, we prepared a special observing campaign for the 2001 lunar Leonids. Here, we present the results of our efforts and give a first interpretation of the impact flashes that we detected.
To our knowledge, a group of amateur astronomers in the United States also detected 2001 Leonid impact flashes that happened approximately 6 hr after the impacts reported here (Cudnik et al. 2002) .
OBSERVATIONS AND DATA PROCESSING
For the 2001 lunar Leonids, we had telescope time allocated at the 0.9 m telescope of the Sierra Nevada Observatory for fast CCD imaging, at the 1.5 m infrared telescope of Tenerife Observatory for fast near-infrared imaging, and at the 3.5 m telescope of Calar Alto Observatory for fast nearinfrared imaging as well. We also set up several small telescopes with special equipment to record impact flashes in the visible range.
The large telescopes could not be used because clouds were completely blocking the Moon most of the time, and the relative humidity was so high that we were not allowed to open the domes. However, three of the small telescopes were located at places with better weather and could observe the Moon through small gaps in the clouds for a total of approximately 80 minutes beginning at 17:31 UT November 18 (although the Moon was blocked by clouds almost 40% of the time and the useful observing time was of the order of 50 minutes). Therefore, here we will focus on the three instruments that were successful in detecting flashes. The first one was a Newtonian f/4.5 0.4 m telescope with a focal reducer to f/3.5 and was located at one author's (J. A. Q.) observatory in Huétor Santillán (Granada, Spain); the second telescope was an f/10 Schmidt-Cassegrain 0.2 m telescope with a focal reducer to f/3.3 and was also located in Huétor Santillán, but was separated by approximately 0.6 m from the first telescope. The third instrument was a Schmidt-Cassegrain f/6.3 0.25 m telescope located at the Instituto de Astrofisica de Andalucia in downtown Granada. The special equipment for those telescopes consisted of high-sensitivity Watec-100N CCD black and white PAL video cameras (based on a Sony Exview HAD CCD chip), with manual and automatic gain-setting controllers; the controllers were set to manual, and the gain was fixed at a position so that intensity calibrations were possible by observing standard stars with the same gain setting. The 50 noninterlaced frames per second were recorded on S-VHS videotape for the first telescope and on regular VHS tape for the two other telescopes. Simultaneously, the video images were being digitized by means of frame grabbers and added together in 1 s time intervals in order to decrease the disk storage needed. That technique was used in order to be able to distinguish videotape noise that could look like impact flashes from true flashes; the lunar flashes should be present both on tape and on the computer-grabbed images. In addition, this allowed us to reach a precision of the order of 1 s in assessing the times of impact. The first telescope was equipped with a video time inserter that allowed us to see the real observing time directly on the tape images for an easier and faster analysis of the data. The approximate fields of view of the instruments were 20 0 Â 15 0 , 28 0 Â 21 0 , and 22 0 Â 16 0 , respectively. The telescopes were aimed at an equatorial position between the lunar central meridian and the terminator, although part of the terminator entered the frames.
For the automated inspection of the tapes, a computer code that digitizes and searches for spikes in the subtraction of the frames minus a reference frame was used (Molau 2001) . Several low-brightness impact flashes may have been missed by the inspection algorithm, but we believe that most of the bright impact flashes have been detected. After the videotapes were inspected, several flashes were evident. Images of all the flashes observed are shown in Figure 1 at their peak intensities. Basic physical data for such impacts are given in Table 1 .
The brightest impact flash was recorded on November 18 at 18:27:46 UT on VHS videotape by the 0.2 m telescope (Fig. 1a) . The flash was clearly seen in the videotape as well as on the grabbed 1 s images. The impact flash occurred at a lunar latitude of S23 and longitude of W16 , with an uncertainty of approximately AE1
. The location was determined by means of the added, computer-grabbed frame, which permitted identification of lunar features nearby. This impact flash was close to the edge of the field in the 0.2 m telescope images. The other telescopes did not record it because it was outside their smaller fields of view. We are 100% confident that this flash is not an artifact for a number of reasons: (1) the telescope was slightly defocused and had increasing coma toward the edge of the field as a result of the focal reducer; because the impact flash shows some degree of coma and it is very slightly defocused, this rules out electronic noise or cosmic rays. In addition, (2) the flash is present in a number of frames at a stationary position, which again rules out cosmic rays, noise, or even artificial satellite glints (we have accumulated more than 100 hr of lunar video recordings with the same equipment, in previous training runs, and we indeed get artificial satellites in our images from time to time, but these are always trailed and appear on many frames). Even a geostationary satellite should have moved slightly from the starting frame to the last frame of the sequence in which the afterglow is seen. Besides, we checked the positions of all geostationary satellites, and no one was within a few degrees of the Moon as seen from Huétor Santillán at the impact flash time.
Because the sky was partly cloudy on 2001 November 18, we did not try to calibrate the observations by means of standard stars on that date. The flux calibration was carried out by means of observations of SAO 188326, a m v ¼ 5:64 A1 spectral class star taken on November 19 that was in the field of view with the Moon on November 19. We used such observations to compute the lunar surface brightness at the impact sites. We assumed that the lunar surface brightness did not change considerably from November 18 to 19 and used it to get the approximate magnitude of the impact flash. The calibration of the flash at peak intensity yields m v ¼ 5:17 AE 0:20, with the large uncertainty arising from our indirect calibration scheme. As the observations were not carried out in Johnson's V standard filter, color-term coefficients of the order of 0.1 or 0.2 mag should probably be applied, but because the color of the impact flash is unknown, we cannot apply a confident color correction. We therefore estimate that the flux calibration can be uncertain Images (e) and ( f ) were obtained using a 0.25 m telescope, and images (g) and (h) were made using a 0.4 m telescope, while the sky was partly clouded, as evidenced by the bright areas of the images. See the text for a detailed description. by another 10%. The linearity of the CCD response with the digitizer has been evaluated by means of observations of stars with the same spectral class but different brightness.
The results deviate from linear by just 6%, part of which can arise from the analysis procedure rather than by true deviation of the detector's linearity. The 3 point-source detection threshold with the 0.2 m telescope in a dark sky was estimated to be m v ¼ 12:0 mag. However, the background in the lunar observations is much higher than in the case of a star observation against a dark sky. This causes increased photon shot noise and worse sensitivity thresholds. We estimate the actual point-source detection threshold as m v $ 9 in our lunar observations. The light curve of the impact flash is shown in Figure 2 . The flash remained detectable in more than 30 semiframes, which implies a duration longer than 0.6 s. Apart from the long duration of the flash, one of the striking features of this light curve is the oscillations, which are well above the noise. The decay is not smooth, as one might think, but presents several bumps. A sequence of 15 semiframes of the impact area is shown in Figure 3 .
Using the sublunar Leonid radiant coordinates (which were approximately N10 in latitude and E49 in longitude from the central meridian (Bellot Rubio et al. 2000b ), adding the central meridian longitude at that time, which was E5=5, and computing the angle between the impact site and the sublunar Leonid radiant, it turns out that the impact was almost grazing, with a 76 AE 3 incidence angle. The second brightest impact on November 18 occurred at 18:10:36 UT and was detected by the 0.2 and 0.4 m telescopes within the same second at the same lunar location of N39 AE 1 , E15 AE 1 . Therefore, the impact nature of this flash is also clear. Its peak brightness was 7:5 AE 0:2 mag. The light curve in this case was much shorter, as the afterglow remained visible in just two semiframes. The incidence angle for this impact was 63 AE 3 . Figure 1b shows the flash as seen from the 0.2 m telescope.
A third impact flash detected with both the 0.4 and 0.2 m telescopes took place at 18:12:21 UT and was located at N5
, E11 with an uncertainty of AE2 . Its peak intensity corresponded to 7:9 AE 0:2 mag. The incidence angle for this impact was 43 AE 3 . The flash captured with the 0.2 m telescope is depicted in Figure 1c .
A fourth confident detection is shown in Figure 1g . In this case, we show the flash as recorded by the 0.4 m telescope. The flash took place at 18:19:55 UT and was detected with both the 0.4 and 0.2 m telescopes. It was located at N4 and 0 of longitude with an uncertainty of AE2 . The peak brightness was 8:2 AE 0:5 mag. The incidence angle was 53 AE 3 . Another flash detected on November 18 at 18:29:07 with the 0.2 m telescope is likely an impact flash but lacks confirmation. It is shown in Figure 1d .
Two more flashes were recorded on videotape by means of the 0.25 m telescope located in downtown Granada. They occurred on November 18 at 17:58 and 18:20 UT. Unfortunately, the Huétor-Santillán telescopes were clouded out at those times, and therefore no confirmation is available from them. The two flashes can be seen in Figures 1f and 1e , respectively.
Another flash (shown in Fig. 1h ) was observed on November 19 at 19:43:28 UT at J. A. Q.'s observatory in Huétor-Santillán, but this was through clouds and was recorded only with the 0.4 m telescope. (The Moon was blocked by clouds in the other telescope because of parallax of the low-altitude clouds. The clouds saturated the detector in this case.) Therefore, we cannot confidently claim that this flash was due to an impact, although the coma of the flash indicates that it is not an artifact. Its peak brightness was 6.4 mag. The closest approaches of the Moon to those trails occurred approximately 2.5 hr later because of the lunar orbital motion around Earth. No young trails were intercepted by the Moon at the time of our observations. This means that the lunar observations reported here do not correspond to storm conditions but to the background activity.
Using the luminous efficiency determined from the 1999 lunar Leonids (which was crudely estimated in Ortiz et al. 2000 and refined in Bellot Rubio et al. 2000a) , one could think of deriving lunar meteoroid fluxes from the number of impact flashes detected in 2001. Although it is difficult to estimate meteoroid fluxes from our data (as the lunar background level was constantly changing because of clouds of varying thickness), a rough estimation can be made based on the total time that the Moon was observed through gaps that allowed a 5 mag impact detection; this time was of the order of 0:8 AE 0:2 hr. Hence, we can derive some information on the meteoroid flux.
Using the expression
where NðE d Þ is the number of impacts detected above an energy per unit area E d reaching Earth, is the luminous efficiency, Dt is the time interval of the observations, m 0 is the mass of meteoroids yielding meteors of 6.5 mag on Earth, F ðm 0 ; tÞ is the cumulative flux of particles more massive than m 0 , f is an anisotropy light emission factor, R is the Earth-Moon distance, V is the Leonids entry speed, A is the total area perpendicular to the Leonid stream within the field of view, and s is the mass index (a parameter that describes the mass distribution within the meteoroid stream), one can compute the total flux by entering the values for the above magnitudes and solving for F ðm 0 Þ. The total area perpendicular to the Leonid direction that was covered by our largest field-of-view detector was 4:5 Â 10 6 km 2 , Dt was 0.8 hr, V was 72 km s À1 , m 0 is 2 Â 10 À8 kg (as obtained from eq.
[2] of Hughes 1987),
, f was assumed to be f ¼ 3 (as in the 1999 lunar Leonids), and was taken as 2 Â 10 À3 , the value derived from the 1999 Leonids.
Using the mass index s ¼ 1:64 corresponding to the 2001 terrestrial Leonid meteoroids (by taking s ¼ 1 þ 2:3 log r, where r is the population index reported in Arlt et al. 2001) and solving for F ðm 0 Þ, one gets a value of 0.1 km À2 hr À1 , equivalent to a terrestrial ZHR of 500, which is in close agreement with the results of visual meteor observations (Arlt et al. 2001) for the ecliptic longitude where the Moon was located; this corresponds to approximately 2.5 hr before our observing time because of the lunar orbital motion around Earth. To translate meteoroid flux to ZHR, the expressions in Koschack & Rendtel (1990) were used.
In general, it appears that the more evolved a dust trail, the lower the mass index. The dust trails responsible for the 2001 terrestrial Leonid storm were the 4 and 9 revolutions old dust trails, and even older ones for the background component that we observed, in comparison to the 3 revolutions old dust trail that caused the 1999 Leonid storm. Hence, it seems reasonable that we need a lower mass index in 2001 than in 1999.
Using the mass index corresponding to the 1999 lunar Leonids (s ¼ 1:83) and solving for F ðm 0 Þ, one gets a value of 1.1 km À2 hr À1 , equivalent to a terrestrial ZHR of 4500, which is much higher than observed (Arlt et al. 2001) . Therefore, in order to decrease the ZHR, the mass index in the lunar Leonids of 2001 needs to be lower than in 1999.
Another possibility to explain the 2001 lunar Leonid observations would be a considerably higher luminous efficiency than 2 Â 10 À3 . The luminous efficiency obtained for the 1999 Leonids might not be applicable to our brightest impact flash, as its duration was considerably longer than any of the flashes reported in Ortiz et al. (2000, which were used to derive the luminous efficiency). This might suggest either that the impactor had very different properties or that the lunar soil at the impact site had different properties. The almost grazing incidence may play a significant role and change the luminous efficiency. However, the picture of a lower mass index to explain the observations is physically more plausible than a changing luminous efficiency and agrees with the terrestrial observations. A small mass index can also explain the plausible impact flash observation of November 19, when the flux levels were considerably lower.
By using the luminous efficiency and the measured energy that reached Earth, one can derive approximate masses for the impactors, and their sizes can be obtained by assuming a density of 1000 kg m À3 . The brightest impact flash appears to have been produced by an $2.5 kg body, which would have a diameter of approximately 17 cm. The sizes of the other projectiles would be of the order of several centimeters in diameter.
Using the Schmidt & Housen (1987) equations for crater sizes, the lunar Leonids impact crater sizes would be in the range of a few tens of meters to a few meters in diameter. This is similar to the values obtained using Gault's (1974) scaling laws in regolith. The above crater sizes are far too small to be observable from the ground. Much larger impact craters would result if the luminous efficiency were an order of magnitude lower, which does not seem to be indicated.
Concerning the issue of the long duration of the brightest impact flash, it is yet unclear what the physical process acting to produce such a kind of afterglow might be. Yanagisawa & Kisaichi (2002) proposed that the thermal emission from $100 lm droplets from the lunar soil vaporized and recondensed in flight may be responsible for the protracted afterglows they recorded. They proposed a very simple model to account for their light curves in which the particles of a few tens of microns in radius typically condense and cool down from around 1000 K. However, more sophisticated numerical models of the plasma formed in lunar impacts (Artemieva, Shuvalov, & Trubeskaya 2000) do not show a long-lasting afterglow.
Other speculations are that the meteoroid that generated the largest impact was not a single object but a swarm of particles that were impacting in a short time interval. This could perhaps explain why some flashes were brief, while the brightest one was not. The reason for the absence of long persistent glows after the other, fainter impact flashes is otherwise unclear. If, prior to impact, some of the meteoroids are loosely bound aggregates, they can easily be disrupted before reaching the planet. Evidence that such loose aggregates exist in the Leonid stream has been presented by Kinoshita, Maruyama, & Sagayama (1999) from standard terrestrial meteor observations. Using a video camera, they recorded the sudden appearance of more than 100 Leonid meteors in a small area of the sky on 1997 November 17 in only 2 s. The phenomenon was interpreted as being produced by the disruption of a large Leonid meteoroid prior to its atmospheric passage. Such breakup of a large body into smaller pieces could have been caused by tensile stresses or even by the terrestrial magnetic field acting on a loosely bound conglomerate. On the Moon, tidal disruption would occur at the Roche limit some $4000 km above the lunar surface for a meteoroid of density 1000 kg m À3 or at some $7000 km above the surface for a 300 kg m À3 meteoroid. Such a tidal disruption would generate a swarm of particles that can spread rather than remain as a solid body. The size of the swarm cloud that would form during the $100 s before impact is difficult to asses accurately, but even assuming a large relative speed of the fragments of 1 m s À1 , the chain of fragments would be impacting in considerably less time than the observed 0.6 s. Therefore, if a swarm of particles is causing the long-lasting afterglows, it is very unlikely that the swarm is the result of lunar tidal disruption prior to the impact.
The lack of afterglows in the fainter events might also be related to the fact that they may have been too faint to be detected, but our point-source detection threshold was low enough so that the afterglows should have been visible, if a Table 1 decay time similar to the one of the brightest impact would apply. Different physical properties or composition of the lunar regolith at the different impact sites might also be a possible cause. The kind of lunar terrain that was hit in each impact can be seen in Figure 4 , where the approximate locations of the impact sites are shown on a lunar image. Also, a different nature of the impactors themselves might explain the presence or absence of long-lasting afterglows, although this is not very likely.
CONCLUSIONS
Four lunar Leonid impact flashes were unambiguously detected from Spain in 2001 November. The brightest impact flash had a unique, very long lasting afterglow whose nature is still unclear to us, whereas the other three were short light pulses, as expected from numerical simulations (Artemieva et al. 2000) . These detections significantly enlarge the number of lunar impact flashes recorded so far. Indeed, this is the second shower for which reliable lunar observations exist.
From an analysis of the data using the nominal luminous efficiency that was derived for the 1999 lunar Leonids, we find that the meteoroid stream responsible for our lunar Leonid observations followed a mass distribution with an index of 1.69, and the flux was 0.1 meteoroids of mass larger than 2 Â 10 À8 kg km À2 hr À1 . Both the mass index and the flux are consistent with terrestrial meteor observations.
